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Abstract: Subsurface microstructures influence the friction and wear behavior of metallic tribological
systems, among other factors. To gain a basic understanding of the microstructural changes occurring
during sliding processes, face-centered cubic model systems, for example a copper system with
a sapphire sphere sliding against it, were previously characterized. Such systems showed the
evolution of the dislocation self-organization phenomenon called the dislocation trace line. To
test the occurrence of this dislocation arrangement in bcc metals, in this study a ruby ball was
slid against electropolished bcc iron under an increasing normal load. The wear track topography
and subsurface microstructure were characterized using white light interferometry and scanning
transmission electron microscopy. The analysis suggested that at least for bcc iron, the evolution of a
dislocation trace line is connected with the onset of pronounced plastic deformation.
Keywords: subsurface plastic deformation; initial stages of wear; ploughing
1. Introduction
Subsurface plastic deformation is inherently connected to the tribological behavior of
many metallic tribological systems in all wear regimes—it has been observed in ultra-low
wear regimes with wear coefficients of 10−10 mm3/(N m) [1–5], in lubricated systems in
mild wear regimes [6,7], and in dry sliding systems [8–10]. Subsurface plastic deformation
is also visible in severe wear regimes with wear coefficients of 70 mm3/(N m). Under fret-
ting load, the friction force significantly influences the subsurface plastic deformation and
wear particle formation [11,12], consequently influencing the wear behavior. Cutting pro-
cesses as an example of extreme wear induce plastic deformation below the finished surface
in addition to material removal. This holds true for cutting with geometrically defined [1,13]
and undefined cutting edges [14–16]. Chandrasekar performed extensive research in this
field, showing the formation of bumps and folds as a consequence of a machining pro-
cess that did not produce a chip due to the low cutting depth [17]. Beckmann et al. [18]
explained the formation of bulges with the protrusion of grains having a “soft” orientation
allowing plastic deformation in the free surface, which is not restricted by other grains.
In addition to the subsurface plastic deformation in tribological systems that is more or
less technically motivated, several authors have addressed subsurface plastic deformation
in model systems [19–22].
In 1983, Heilmann [23] suggested that lattice rotation is likely the strongest during the
first of many possible sliding passes. Compared to the testing that has been performed for
multiple cycles, there is significantly less research on the onset of plastic deformation under
a tribological load, although there have recently been attempts to investigate this regime in
some detail. For these experiments, high-purity copper samples were tribologically loaded
with sapphire spheres for a single trace [24–26]. The results demonstrated that after a mild
singular tribological load, dislocations self-organize at depths of between roughly 100 and
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500 nm under sliding contact in a fashion that leads to a horizontal line-like contrast in
TEM foils cut parallel to the sliding direction. This contrast was then referred to as the
dislocation trace line (DTL). The occurrence of the DTL, which was also found in arrays
of copper alloys and nickel [27,28], was explained through the motion of dislocations in
the complex stress field associated with the moving sphere. It was recently observed that
this dislocation self-organization is also the location where a localized simple shear of
the subsurface material occurs in the sliding direction [24]. Moreover, it was found to be
present for a wide range of experimental parameters, such as the counterbody size and
normal load [26], as well as for various sliding speeds [29], meaning its occurrence warrants
a closer look. It is believed that the DTL is the demarcation line between the development
of a nanocrystalline layer and the bulk material underneath as sliding progresses.
In this context, the authors here address the following questions: (1) Does a DTL evolve
in materials with a body-centered cubic (bcc) crystal structure? To investigate this question,
experiments were performed on an α-iron sample. (2) Is the onset of the DTL a function
of the normal load? To answer this question, the load during the tribological experiments
was increased. This allowed the ex situ analysis of the subsurface microstructure under
different normal loads and the identification of possible transitions. These might allow us
to learn about the ongoing fundamental processes.
2. Materials and Methods
2.1. Materials
Pure iron (Goodfellow, Bad Nauheim, Germany) was used as a bcc model system,
which was heat treated at 10−6 mbar and 700 ◦C for three hours. The surface to be subjected
to tribological loads was ground using silicon carbide grinding papers of P800, P1200,
P2500 and P4000 mesh (Struers, Willich, Germany), along with mechanical polishing with 3
and 1 µm diamond suspensions (Cloeren Technology GmbH, Wegberg, Germany). Finally,
the sample was electropolished with A2 electrolyte (Struers, Willich, Germany) at 35 V,
19 ◦C, and a flow rate of 10 (arbitrary unit of Struers) for 30 s, yielding an average profile
roughness of Ra = 33 nm, and a 3D average roughness Sa = 150 nm, as well as 3D peak,
core, and valley heights of Spk = 174 nm, Sk = 440 nm, and Svk = 250 nm respectively. The
average grain size was 110 µm and the hardness was 115 HV 0.01/20.
The counterbody was a ruby ball (Spherotec, Fulda, Germany) with a nominal diam-
eter of 500 µm (measured: 502 µm). All experiments were performed unlubricated in a
standard lab environment.
2.2. Methods
A Hysitron TI 950 nanoindenter with a 3D-Omniprobe (max. normal load 7 N;
Hysitron, Minnesota; now Bruker, Billerica, MA, USA) allowed measurements in all three
directions in space with a resolution of 100 µN in the normal direction and a lateral
resolution of 300 µN. In the following step, the force in the z-direction was the normal force,
while the force in the x-direction was the friction force opposite to the sliding direction.
The force in the y-direction was the force measured perpendicular to the sliding direction
(lateral force). The TI 950 instrument was used with a custom-made tip to accommodate the
ruby ball, which was glued into the holder with cyanoacrylate (62592, Uhu, Bühl, Germany)
and cleaned with acetone and isopropyl alcohol. Light and confocal microscopy excluded
contamination of the ruby ball after gluing and material transfer after the experiments.
Two repetitions of the scratch experiment were performed, which showed a very
good correlation, as presented in the results section. Additionally, twelve experiments
were performed up to a defined normal load. The sliding speed used for all experiments
was 25 µm/s. For higher speeds, the load control of the system was overshot. An indent
with a diameter of approx. 40 µm set at a lateral distance of 200 µm from the start of the
scratch experiment allowed identification of the start position of each experiment (see
red arrow in Figure 2). The load function consisted of segments (length of 300 µm) with
increasing and constant loads (see Figure 1a). The constant load segments allowed the
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subsurface analysis after known constant sliding conditions. The normal loads of 1, 2.7,
15.6, 422, 1957, and 5370 mN corresponded to Hertzian pressures of 400 MPa, 540 MPa,
1 GPa, 3 GPa, 5 GPa, and 7 GPa (5730 mN), respectively. Purely elastic conditions in a “ball-
on-flat” geometry were used to calculate the Hertzian pressures [30,31]. In the experiments,
significant plastic deformation occurred and the true pressures were significantly lower
than the Hertzian ones.
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Figure 1. Normal load during the xperiments: (a) load function; (b) l load signals for the three xperiments.
The scratches were analyzed using white light interferometry (Contour GTK, Bruker,
Billerica, MA, USA), scanning electron microscopy (SEM), and transmission scanning elec-
tron microscopy (T-SEM). The electron microscope used for surface imaging, transmission
electron microscopy (TEM) foil preparation, and T-SEM was a Helios 650 (FEI, now Thermo
Fisher, Waltham, MA, USA). TEM foils were prepared by thinning with the G +-ion beam
after covering the area of interest with electron- and ion-beam-assisted Pt epositio . See
Greiner et al. [25] and Ruebeling et al. [26] for detailed method and parameter descriptions.
3. Results
3.1. Friction Experiments
Experiments were load-controlled and the normal load was adjusted by the instrument
with an accuracy of better than 5% from a load of 10 mN (see Figure 1b). After reducing
the normal load at the end of the wear track, the friction force was measured at 1 mN. We
did not lift off the sphere directly at the end of the wear track, but rather made the system
travel back a distance of about 1.5 mm with a normal force of 1 mN. This was done in
order to avoid overshooting of the load control during lift-off and artefacts at the end of
the wear track. After the reduction of the normal load, the system measured a friction force
of 3 mN. We assumed that this was drift due to higher loads applied over the course of the
experiments (Figure 2).
A topogr phy image of a wear track is shown in Figure 2. The indent set 200 µm in
the negative sliding direction for the identification of the start of the wear track is visible,
as well as the scratch at higher loads. The remaining changes in topography (i.e., a wear
track) are visible from a sliding distance of 1.246 mm onwards, corresponding to a normal
load of 4.85 mN in the load ramp segment from 2.7 to 15.6 mN. The friction force at the
onset of the wear track with a wear track depth of less than 100 nm is about 1 mN (see
Figures 2 and 3).
Figure 4 shows the lateral force signal for a sliding distance range of 1.5–2.5 mm,
together with the representative topography of wear track no. 3. The lateral force signifi-
cantly increases with the wear track depth in the segment where the normal load increases
to 15.6 mN.
A friction experiment (not shown here) was performed up to a peak load of 203 mN
and a sliding distance of 1.949 mm. This experiment did not show a significant increase
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in lateral force at the end of the wear track. White light interferometry revealed a height
increase in the sliding direction at the end of the wear track of approx. 80 nm, whereas no
height increase in the lateral direction was found.
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Figure 4. Lateral force of all three experiments in the sliding distance range of 1.5–2.5 mm. The topography of the
corresponding wear track length for experiment 3 is shown in the bottom of the figure. The scale of the topography image
corresponds to the graph abscissa. The black rectangles indicate the positions of the TEM foils shown in Figure 5b,c. The
foils were prepared parallel to the sliding direction.
3.2. Electron Microscopy
TEM foils were prepared from the unworn sample in the segment with a constant
load of 5370 mN and in the segment of the load increase from 2.7 to 15.6 mN for wear track
1. In this latter segment, one foil represented the subsurface of the wear track prior to the
onset of a lateral force signal (wear track length 1.8 mm), while a second foil characterized
the subsurface microstructure of th wea track after the onset of a lat ral force (wear track
length 1.967 mm). Th T-SEM bright field im ges of these foils are shown in Figure 5. The
foil pr sented in Figure 5b fro the shallow part of the wear track, i. ., before formation
of a distinct sliding trace (Figure 4, rectangle 1), shows dislocations, although not the
phenomenon of dislocation rearrangement called DTL [25]. Compared to the unworn
subsurface after electropolishing shown in Figure 5a, the dislocation density increases.
In the shallow wear track of experiment 3, a TEM foil was prepared as well and a result
comparable to that of wear track 1, i.e., no visible DTL, was found (see Supplementary
Materials Figure S2). In contrast, the foil prepared at the length of 1.967 mm (Figure 5c)
shows two pronounced DTLs with depths of 190 and 440 nm under the surface. From
the contrast of the T-SEM images in Figure 5b,c, subgrains are not clearly visible. The
increased dislocation density is visible a d homogeneous for the comple e TEM foil. For
the determination f a gradient i dislocation density, the size of the TEM foil is too small.
The gradient in the dislocation density is deeper in the material.
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Figure 5. T-SEM images (30 kV, 0.1 nA) of foils prepared from the unworn sample (a) and at sliding
distances of (b) 1.8 mm with 28 mN normal load and (c) 1.967 mm with 250 mN normal load in the
wear track of experiment 1. The white arrows indicate the sample surfaces, while the black arrows
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SEM imaging of the end of the wear track (Figure 6) shows a surface with protrusions
or waviness in front of the wear track in the sliding direction because of material extrusion
due to the severe ploughing of the ruby ball at the high loads. At the very end of the wear
track, a compression of the described protrusions by the ruby ball is visible, leaving a small
line between the former waves that were extruded during sliding. The line is only visible
at distances less than one micron from the end of the wear track in the sliding direction
(see white arrows in Figure 6).
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Figure 7 shows bright field T-SEM images of the TEM foil prepared from the end of
the wear track in experiment 1. The corresponding topography and the orientation of the
foil are presented in Figure 6. The part of the foil that represents the wear track subsurface
is shown in Figure 7a. Figure 7b highlights the part of the foil that represents the subsurface
of the area in front of the wear track. In Figure 7b, it is visible that the protrusions shown
in Figure 6 are connected to distinct grains (marked by black arrows in Figure 7b) under
the corresponding protrusion, while other grains do not form protrusions. Both images of
the foil show grain refinement with elongated grains measuring a few microns in length
and several hundred nanometers in width. Interestingly, a DTL is visible at the end of the
wear track with small grains of less than a micron in diameter, as well as directly after the
formation of a distinct wear track, where the grains are larger than 2 µm.
4. Discussion
The topography image in Figure 6 clearly shows the extrusion and folding of the
protrusions. The areas between the single protrusions become thinner as they approach
the wear track and become a small black line when they enter the contact area with the
ball (see white arrows in Figure 6). As the ruby ball surpasses the bulges formed due
to plastic deformation during ploughing, it plastically deforms those bulges, leaving a
folded surface behind. These folds are visible in the TEM bright field image as whitish
lines (blue arrows in Figure 7a). Both sides of this line are former surfaces, being folded
together by the surpassing ruby ball. The development of a fold is also visible from the
very end of the wear track, as indicated by a yellow arrow in Figure 7b. This kind of folding
mechanism was already observed by Narayan et al. [17]. The relation of the protrusions
with the folding was discussed by Beckmann et al. [18]. Due to the specific orientation
of certain grains relative to others, the slip systems are oriented in a direction that favors
plastic deformation out of the surface. In other grains, plastic deformation does not take
place, as the necessary Peierls stress in the respective slip systems is not reached.
We explicitly want to mention that the DTL found in subsurfaces from many experi-
ments was not due to the folding of the two former surfaces. This is visible in Figure 7a,
where the whitish line is visible as a line decreasing from the surface at an angle of approx.
45◦. A small gap still seems to exist between the former surfaces, making the line in the
T-SEM appear white. This line ends below the surface at a depth of approx. 400 nm. At
the bottom of the grain on the left of the line (as the ruby ball comes from the left), a
black line is visible, which is considered as a DTL. In contrast to the whitish line resulting
from the approaching and folding of the two surfaces, this DTL has a different contrast
in the electron microscope. The contrast is parallel to the surface and does not show an
inclining angle. The trace line fades to the left, as the surrounding material experienced less
plastic deformation than the fold itself, while the next whitish line due to the fold is visible
(Figure 7a). A second image highlighting this situation is shown in the Supplementary
Materials (Figure S1). The protrusions visible in Figure 7b are precursors of the folds. For
the plastic deformation of the grains forming the protrusions during movement of the
counterpart (here the ruby ball), dislocation motion is necessary. We assume that due
to dislocation of multiplication mechanisms, the dislocation density in the grains being
extruded out of the surface and then folded is higher than that of the grains that did not
protrude out of the surface due to their different orientations. The appearance of the DTL
is a consequence of this higher dislocation density. The difference in dislocation density is
a possible explanation for the observation of the DTL fading to the left and reappearing
after the next fold. With continuing sliding and more plastic deformation, the dislocation
density increases by so much that a continuous trace line below the worn surface can form.
Correspondingly, in the very shallow wear track, before the onset of a lateral force, the DTL
is not visible (see Figure 5a). An increased dislocation density is visible in the subsurface,
although only after the appearance of a distinct wear track is a DTL visible. It seems that
with the formation of the continuous sliding trace and the related plastic deformation, a
dislocation density threshold is crossed that allows the formation of the DTL. For the very
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shallow wear track depth of 100 nm, there is only minor plastic deformation, which seems
not to create enough dislocations for the trace line formation. This is in agreement with
the onset of the lateral force, which correlates with the onset of the bulging of the material
lateral to the friction direction.
The lateral force would be an indicator of the onset of ploughing, as the formation
of a bulge in the sliding direction correlated to the formation of bulges in the lateral
direction. To test this indicator, scratch experiments with the load functions shown above
were conducted but stopped before the lateral force was expected to rise above the noise
threshold (wear track length of 1.95 mm). When interrupted, the experiments showed a
lateral force, which was always connected to bulging in the lateral direction. From one
of these interrupted experiments, a significant friction force of 72.8 mN, a lateral force in
the noise floor of the system, and a bulge formation measuring 80 nm in height in the
sliding direction were found. No height increase in the lateral direction was visible. This
means that the lateral force is a good indicator for the onset of ploughing, although bulge
formation in the sliding direction can occur before bulging in the lateral direction. Further
experiments are necessary to quantify the conditions producing this bulge formation in the
sliding direction with a missing bulge formation in the lateral direction.
5. Conclusions
We analyzed the subsurface microstructural evolution in bcc iron during scratch
testing with increasing loads. The formation of a dislocation trace line that was reported
for fcc materials was confirmed here as well. A certain amount of plastic deformation
was a necessary condition for the formation of the dislocation trace line. This effect was
visible from grains at the end of the wear track that underwent more plastic deformation
than other neighboring grains. A second indicator for the threshold of plastic deformation
for trace line formation was the appearance of the trace line only after the formation of a
distinct wear track, i.e., not only isolated scratches. Moreover, the lateral force can be used
as rough indicator for the onset of ploughing, although the formation of small bulges in
the sliding direction is possible before the measurement of a lateral force and connected
bulges on the left and the right of the wear track.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/met11081258/s1: Figure S1: Bright field image of the TEM foil prepared from the end of the
wear track 1. Figure S2: Bright field image of the TEM foil prepared from wear track 3 before the
onset of ploughing. The black arrow indicates the surface.
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